One contribution of 13 to a theme issue 'Energy management: flexibility, risk and optimization' . Low voltage (LV) distribution systems are typically unbalanced in nature due to unbalanced loading and unsymmetrical line configuration. This situation is further aggravated by single-phase power injections. A coordinated control scheme is proposed for singlephase sources, to reduce voltage unbalance. A consensus-based coordination is achieved using a multi-agent system, where each agent estimates the averaged global voltage and current magnitudes of individual phases in the LV network. These estimated values are used to modify the reference power of individual single-phase sources, to ensure system-wide balanced voltages and proper power sharing among sources connected to the same phase. Further, the high X/R ratio of the filter, used in the inverter of the single-phase source, enables control of reactive power, to minimize voltage unbalance locally. The proposed scheme is validated by simulating a LV distribution network with multiple single-phase sources subjected to various perturbations.
Low voltage (LV) distribution systems are typically unbalanced in nature due to unbalanced loading and unsymmetrical line configuration. This situation is further aggravated by single-phase power injections. A coordinated control scheme is proposed for singlephase sources, to reduce voltage unbalance. A consensus-based coordination is achieved using a multi-agent system, where each agent estimates the averaged global voltage and current magnitudes of individual phases in the LV network. These estimated values are used to modify the reference power of individual single-phase sources, to ensure system-wide balanced voltages and proper power sharing among sources connected to the same phase. Further, the high X/R ratio of the filter, used in the inverter of the single-phase source, enables control of reactive power, to minimize voltage unbalance locally. The proposed scheme is validated by simulating a LV distribution network with multiple single-phase sources subjected to various perturbations.
This article is part of the themed issue 'Energy management: flexibility, risk and optimization'.
Introduction
Active low voltage (LV) distribution systems are increasingly being deployed worldwide to improve continuity of supply. With the advancement in power electronics, photovoltaics (PV) and battery energy storage system (BESS)-based resources are widely adopted in these networks. These resources are usually connected in domestic feeders, leading to uneven and large scale proliferation of single-phase sources and consequent power quality issues [1, 2] . Voltage unbalance is emerging as one of most challenging power quality issues in such LV networks.
Unbalanced voltages may lead to undesirable operation of the electric equipment like induction motors, adjustable speed drives, power electronic circuits and system protection switchgear. Owing to these issues, International Electrotechnical Commission (IEC) suggests a 2% voltage unbalance limit in electrical network [3] . The major reason for the voltage unbalance in distribution system is due to load imbalance among phases. This can be further aggravated by the unequal penetration of PV and BESS-based generation into individual phases [4, 5] . The conventional solution is to employ active filter-based series compensators that inject negative sequence currents into the network to reduce the voltage unbalance [6] [7] [8] . Parallel active filterbased compensators have also been suggested to reduce the unbalance, by balancing the line currents [9] . But, when unbalances are large, the current injected by the filter may exceed its ratings. Moreover, addition of these active filters requires additional investments.
In any active distribution network, the available inverter-based generating sources may be used to solve any power quality issues arising from their deployment, in addition to the local real and reactive power control. In this context, voltage unbalance compensation using negative-sequence current injection through the DGs is suggested in [10, 11] . These methods involve injection of unbalanced currents into the grid, which in turn may lead to unwanted power oscillations. Such power oscillations can make the control of the three-phase converter challenging [12] .
Other control strategies have been proposed, that are mainly based on reactive power compensation [11, 12] , disconnecting the PV [13] and active power curtailment of the BESS [14] . Active power curtailment has immediate economic repurcussions for the DG operators. Additionally, charging times for the BESS may also extend, leading to other undesirable effects on the network operation. The impact of reactive power compensation is invariably localized and fails to achieve the same in the entire network. Addressing these shortcomings, a cooperative control-based unbalance reduction was proposed in [15] for three-phase sources. In this paper, a similar strategy has been extended to single-phase sources, by proposing a discrete dynamic consensus to achieve balanced voltages throughout the network using a secondary control scheme, along with the uniform current sharing between sources corresponding to the same phase. The advantages of this dynamic consensus are -elimination of the centralized control scheme; -minimization of complex communication links (communication that forms a spanning tree is sufficient). -realization of plug-and-play functionality to have more flexible operation.
Although the consensus-based operation in a three-phase system is demonstrated in [11, 12] for current sharing, it cannot be directly applied to the single-phase system, as each agent possesses limited or no information of other phases. This issue is addressed in this paper by developing a dummy consensus for other phases.
The rest of the paper is organized as follows: the coordinated control scheme to compensate load imbalance, for both PV + BESS is described in §2. The preliminary foundations of the discrete dynamic consensus is explained in §3. Section 4 presents the simulations of the test system and evaluates the performance of the proposed control strategy under various perturbations. Finally, §5 is the concluding section.
Microgrid inverter control strategy
A low-bandwidth communication system-based coordinated control scheme for single-phase sources is proposed to ensure balanced voltages in the system, along with appropriate load sharing among various single-phase sources connected to the corresponding phase. An LV 
(a) Basic control
The basic control consists of the real and reactive power control loop for the PV + BESS system as shown in figure 2. P ref , Q ref for the real and reactive power control are obtained from the voltage-balancing and current-sharing control as shown in figure 1 . The PV is allowed to operate at maximum power point tracking (MPPT) by regulating the voltage across the PV using a boost converter as portrayed in figure 1 . The PQ mode of the control scheme is adopted for a singlephase voltage source converter. These PQ controllers generate current reference signals i dqref [16] . The i dqref is used by the decoupled inner current control as shown in figure 2 to control the current flowing through the VSI. Dynamic current equations is given by Figure 2 . Basic control loop.
To generate the modulating signals m d and m q for VSI, the dq-axis current control strategy is given by
where u d and u q are two new control inputs obtained from the compensator output G c (s). The compensator is designed in such that it compensates the phase margin of the filter dynamics and the settling time of the compensator is 10 times that of the filter circuit [16, 17] .
(b) Global and local voltage balancing secondary control
The global and local voltage balancing controller balances the voltage throughout the network, along with the voltage balancing at the nearest three-phase point. In figure 1 , P disp is the active power dispatch reference and P c , P v are obtained from the current-sharing compensator (PI c ) and voltage-balancing compensator (PI v,P ), respectively.
(i) Global voltage balance
The real power injection of the single-phase inverter is modified by P v amount to regulate the corresponding phase voltage magnitude and to achieve the global voltage balance. This is because in an LV distribution system the voltage magnitude is more dependent on real power flow when compared with reactive power flow [18] .
In an LV distribution network, the line impedance is more resistive in nature (i.e. R > X). Thus, the impedance angle θ l 0. Further, the power handling capacity of the distribution system is very low, due to which the angle difference between two consecutive buses is almost negligible i.e. δ r δ s . Thus, power equations are given as The real power flow can be regulated by controlling the real power injections using the unbalance compensator PI v,P . The input to the compensator PI v,P is the estimated voltage unbalance factor (EVUF), which is given by (ii) Local voltage balance
Although P v obtained from the global voltage balance compensator ensures that the estimated network voltages are balanced, it fails to maintain the local voltage balanced. The reason is that every agent estimates an average voltage value based on the voltage information received from neighbouring agents. Thus, the positive and negative voltage deviations (from the average value) present in the information received from the neighbouring agents get cancelled, resulting in equal average values in all phases. The actual voltage may, therefore, remain unbalanced at any point. This issue is addressed by the local voltage balance control. As the VSI is connected to the network through the LCL filter, the voltage across the capacitor is controlled by controlling the reactive power injection. Owing to the presence of high filter inductance, the terminal voltage of the inverter system is strongly coupled with reactive power injection. Thus, a local voltage compensator PI v,Q is used to obtain Q ref using the voltage unbalance factor (VUF) which defined as
where V i gabc is the three-phase R.M.S voltage of the network point, to which the ith inverter is connected.
(c) Current sharing
As discussed in §2b, the PI v,P compensator is used to achieve the global voltage balance. However, the integral action in the compensator can lead to unequal power sharing among various inverters connected to the same phase, due to the impedance difference from the source to any load perturbation. This can lead to overloading of some units, with other units being operated underloaded. To avoid this, a consensus-based power sharing is adopted as shown in figure 1. In this current-sharing loop, the local current I o is compared with the average estimated value of the current corresponding to the same phaseÎ o . It is to be noted that agents corresponding to inverters with different power ratings should share current measurements in pu values on an individual inverter current base. This is to ensure that the final sharing is as per the respective inverter rating. For simplification, all the inverters considered in this work are of the same rating.
Discrete dynamic consensus
The typical layout of the LV distribution system along with the cyber layer is shown in figure 3 . The details of the electrical network are provided in the next section. As discussed earlier, to have coordination among all the single-phase sources, a discrete dynamic consensus-based multiagent system is adopted. The connection between the individual agents is shown by a cyber communication network in the cyber layer of figure 3 . A cyber network is a sparse network forming at least one spanning tree. Further, care should be taken that, even in the case of any link 
Figure 3. Microgrid test system. failure, the network spanning tree will be intact. The basic fundamentals required to understand the concept of consensus through a communication network graph is explained below.
(a) Graph theory
An undirected (bidirectional) graph structure 'G' of a system with V = {1, 2, . . . , N} vertex set (nodes) and E edges (links) is given by G = {V, E}. The two nodes i, j are said to be adjacent only if there exits an edge between them. The edge set is defined as An adjacency matrix A, which is defined by (3.2), provides the relation between the vertices of a system G:
The node j is said to be neighbour to node i if and only if there exits at least an edge between (i, j). The set of neighbours of the ith agent is defined as
A degree matrix D of the system G is defined as
where d i denotes cardinality of the ith neighbour set N i . A balanced Laplacian matrix L for the graph is defined as
The matrix L is symmetric and positive semi-definite for undirected graphs. Further, if G forms at least one spanning tree, then the Laplacian matrix has at least one zero eigenvalue and their corresponding eigenvector is the vector of ones [19] .
(b) Dynamic consensus algorithm
The dynamics of each agent in a system of N agents can be described aŝ
wherex i (k) is the ith agent's average estimation and u i (k) is the control input to the agent at the kth instant:
The consensus problem is said to be solved if and only if lim k→∞ x j (k) −x i (k) = 0. The ε is the constant, which is an edge weight used for tuning of the dynamic consensus algorithm (DCA). The ε should be properly chosen so as to ensure the stability and obtain fast convergence of the communication algorithm. Usually, it is chosen in a range of 0 ≤ ε ≤ 1/ , where = max i ( j =i a ij ) to ensure fast convergence and stable operation [19] . Figure 4 . Discrete dynamic consensus algorithm.
For a dynamically changing system, to have an accurate consensus, a modified DCA [20] as given below is chosenx
Hence, δ ij (k) represents the disagreement between i and j agents and x i (k) represents the agent's local measurement. The cumulative disagreement between the agents is stored in δ i (k) as shown in figure 4 . The discrete time closed loop system of the DCA in vector form is given bŷ
where
The final steady state converged solution of consensus is given bŷ
where x is the vector of actual measurements held by each agent [19] .
(c) Averaged estimation of voltage and current
The three-phase voltage magnitudes are estimated using the DCA as shown in figure 4 . For average voltage estimation, x i is equal to the three-phase voltage V i gabc of the nearest nodal, and the estimatedx i is thus equal toV i abc . The average current magnitude of all the phases at each agent cannot be estimated directly since each single-phase agent carries the information only of its own phase. For this purpose, more communication links are needed so that every agent has at least three neighbours connected to three different phases. To avoid this, a dummy consensus-based approach is adopted.
In the dummy consensus, while the particular phase current is estimated using the DCA as in figure 4 with x i being the p-u current injected into that phase, the other two phase currents of the ith inverter agent are estimated by using a dummy DCA, in which x i is substituted byx i (k), i.e. the estimated value is reused as the measurement value. This provides the average value of the currents of those units which are connected to other phases. The estimated average current values of all the phases eventually converge to their respective equilibrium average values at every agent. In this manner, limited communication links forming a spanning tree are sufficient to have proper current sharing even in a single-phase system. 
Simulations and results
To validate the effectiveness the proposed controller, it was tested on a 400 V LV distribution network located at the Indian Institute of Technology Delhi. The network consists of 3.5 multicored XLPE cable structure with three different cross-sectional areas as per their peak currentcarrying capacity. The impedance of the cable was calculated as per the Bureau of Indian Standards. The required system line data and cable configuration are tabulated in table 1. The load profile was obtained from the historical load data. For simulation, the loads were assumed to be constant impedance loads. The buses and the phases to which the inverters are connected are shown in figure 3 . The line parameter of form L y x indicates the line data, where x is length of the line in metre (m) and y is the cross-sectional area of the core in square millimetre (mm 2 ). The connected load data and the inverter data are provided in table 3. A communication network among all inverters including the substation bus is shown in figure 3 . The complete system specifications and parameters of a single-phase inverter is provided in table 2. In this paper, the controller is evaluated by comparing the system performance with and without the voltage unbalance compensation, and also for the unbalanced load switching.
(a) Case 1: with and without unbalance compensation
In this case study, the effectiveness of the voltage balancing control scheme is verified. Initially, from t = 0 s to t = 0.2 s all the single-phase sources were operated at constant dispatch values P a,disp = 0.3 p.u, P b,disp = 0.3 p.u and P c,disp = 0 p.u of all units corresponding to a,b,c phases, respectively. During this time all the auxiliary compensators were disabled making the sources operate as a constant dispatchable source. From figure 5a,b, it can be observed that due to the unbalanced loads and generation, the voltages in the system are unbalanced.
At t = 2 s, the compensators of all single-phase sources are activated, which enables the inverter to respond to the voltage unbalance present in the system. During this time, a mutual coordination takes place between sources, and the real power flow is varied to achieve the global voltage balance. At the same time, the reactive power is controlled such that local voltage balance is achieved, as depicted in figure 5a,b. During this time, the power sharing among the inverters becomes disturbed, as the impact of unbalance seen by each compensator PI v,P is different because of the impedance difference. After the transients settle down, a proper current sharing is obtained among all the inverters. Here, the current sharing among the inverters connected to 'b' phase is portrayed in figure 5d.
(b) Case 2: unbalanced load perturbation
The impact of unbalanced load perturbation was studied in this scenario. Initially, all the inverters were controlled to achieve the voltage balancing along with proper power sharing as shown in The DCA-based controller acts according to the differences in the voltages and compensates the voltage unbalance. It is observed that any increase in the heavy load in one phase led to a drop in the power supply in the other two phases. This is due to the fact that no controller is acting to maintain the voltages, rather the controllers act to nullify the difference in the voltage magnitude. Thus, heavy load change in one phase will lead to reduction in the voltage in the other phases, leading to a balance operating point. This type of condition will be favourable if any three-phase P − V droop-based controllers are present in the system.
Further, the load sharing in the steady state is maintained even after load changes as shown in figure 6a ,b, although during transients the sharing becomes disturbed.
(c) Case 3: different loading conditions
In this case, the performance of the proposed scheme is studied under various loading conditions as given below. During t = 0 s to 1.0 s, the total load on phase 'b' is significantly high when compared with the other two phases, due to which there can be a high probability of unbalance. But due to the controller action, the averaged estimated voltage is balanced as shown in figure 7d . Further, At t = 1 s, the loads are switched such that the aggregate load on phase 'a' is comparatively high. As there is a sudden drop in the aggregate load on phase 'b', the voltage in this phase shoots up to 1.06 p.u, with the controller action this voltage is brought down to 0.98 p.u, maintaining the voltage balance in all three phases. Further, at t = 3.5 s, the aggregate load on phase 'c' is increased as observed in figure 7c. Although phase 'c' has only one controllable inverter connected to it, the voltage balance is achieved as shown in figure 7d, due to the coordination among all VSIs. 
(d) Case 4: control performance comparison
The effectiveness of the voltage balancing control along with the appropriate current-sharing scheme is verified in comparison with [4, 21] . The dashed lines and solid lines in figure 8 indicate the response of the PV + BESS inverter system using the control detailed in [4, 21] and the proposed control scheme, respectively. Initially, from t = 0 s to t = 0.5 s, the system is operated under a similar load profiles as in Case 1. The unbalance droop constant in [4, 21] is chosen as 100 W/V. It is observed that due to lack in the coordination among all the PV + BESS sources connected in the system, the currents shared among these sources are different, which increases the burden on one individual inverter. Further, due to lack of a secondary controller, the voltage unbalance is not completely eliminated by the method proposed in [4, 21] . In the proposed method, due to coordination the aforementioned objectives are achieved as shown in figure 8a,b. At t = 0.5 s, a load of 1 pu and 0.3 pu was increased in phases 'a' and 'c', respectively, at bus 9. The corresponding responses in the system with both the proposed controller and existing control strategies are shown in figure 8.
Conclusion
In this paper, a coordinated control scheme for single-phase sources is proposed to compensate the voltage unbalance in the LV network. To improve coordination, a mutual consensus-based multi-agent system is adopted, where each agent is associated to each inverter. A low-bandwidth communication is used to share the information among the neighbouring agents. The agents use the shared information to estimate the global average of individual phase voltages and currents in the network. These estimated average values are then used to control the reference power of individual sources. The global voltage balance and proper power sharing among the sources connected to common phases are achieved. Moreover, local voltage balance is also achieved by controlling the reactive power as the X/R ratio of the filter circuit is high. The proposed control scheme is simulated and tested on a real-time test system by considering multiple single-phase sources under various perturbations.
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